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DETERMINATION OF STRESS CONCENTRATION IN 
SCREW THREADS BY THE PHOTO- 
ELASTIC METHOD 


I. InrRopUCTION 


1. Preliminary.—Knowledge of the stress distribution in struc- 
tural and machine members of irregular shapes is of increasing 
importance. The mathematical method of stress analysis for many 
such members is highly complicated and impracticable. A number 
of experimental methods of determining the stress in members of 
complex shape, however, have been used with success. One of the 
most valuable experimental methods for determining stresses that 
exist in one plane only (two-dimensional stress) employs a model of 
transparent material, such as celluloid, pyralin, or bakelite, through 
which polarized light is passed. This method is called the photo- 
elastic method. It was used in the investigation reported in this 
bulletin to determine the relative magnitude of the maximum stresses 
in the American Standard (formerly called the U.S. Standard) and 
Whitworth screw threads. 


2. Acknowledqgments.—The investigation herein reported was a 
part of the work of the Engineering Experiment Station of the Uni- 
versity of Illinois, of which Dean M. 8. Kercuvum is the director, 
and of the Department of Theoretical and Applied Mechanics of 
which Pror. M. L. Encer is the head, and was conducted under the 
immediate direction of Pror. H. F. Moore. 

The writer is under obligation to Mr. R. Micuen, formerly 
Assistant Professor of General Engineering Drawing at the University 
of Illinois, whose thesis on the polarized-light method of studying 
stress distribution has been of great value. Mr. Michel gave personal 
aid and instruction during the early stages of the work. 


Il. Discussion or MerHop UsEep AND DESCRIPTION OF APPARATUS 
AND TECHNIQUE FOR DETERMINING STRESSES BY THE 
Usr oF PoLARIzZED LIGHT 


3. Brief Statement of Optical Principle Employed.—In 1816 it was 
discovered by Sir David Brewster that when a piece of glass was 
stressed and viewed in polarized light under certain conditions it 
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showed brilliant colors due to stresses produced in the material. 
Nearly all transparent bodies have this same property in greater or 
less degree. Glass is not a satisfactory material because it is difficult 
to form and is subject to high internal stresses. It is only in recent 
years, with the advent of new kinds of transparent products such as 
pyralin and bakelite, that experimental investigations with trans- 
parent models and polarized light have become common. 

The fundamental optical phenomenon employed in the photo- 
elastic method is that of double refraction. When a ray of light enters 
a double-refracting crystal, such as Iceland spar, it emerges as two 
rays (called the ordinary and the extraordinary rays) each ray being 
plane-polarized; that is, each ray vibrates in a plane. Further, the 
planes in which the two rays vibrate are mutually perpendicular. 
The two rays travel through the crystal with different velocities, 
which cause them to emerge from the crystal with a phase difference 
that depends on the wave length and the length of the crystal. 

Now it is an experimental fact that an isotropic body, such as 
glass or bakelite, when stressed is double refracting just like a crystal 
of Iceland spar. It is also an experimental fact that the relative 
retardation between the ordinary and extraordinary rays produced 
by the stressed condition at a point in an isotropic body is propor- 
tional to the difference of the principal stresses at the point. The 
phase difference of the two rays emerging from the stressed model 
causes interference, and a brilliant color is the result. The color thus 
produced is an indication of the difference of the principal stresses in 
the stressed transparent material at the point where the light passes 
through. 

The phase difference of the two light vibrations may also be 
measured by means of a Babinet compensator attached to a petro- 
graphic microscope, and the stress conditions of the material deter- 


mined by this means. This method is used in the work reported in 
this bulletin. 


4. Apparatus.—A Leitz petrographic microscope is mounted on a 
swivel plate A, Fig. 1, which is fastened to plate B. This plate is in 
turn clamped to the frame of a milling machine. The milling machine 
gives a fine adjustment along each of three rectangular directions, 
which is desirable in obtaining the proper relative positions of speci- 
men and microscope. The specimen to be examined is held in grips C 
by means of 14-in. bolts passing through 9/32-in. holes in the speci- 


men. Load is applied by means of weights at the end of bell crank D 
which has a ratio of 2:1. 
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Fic. 1. Genera View or APPARATUS 
| 


Light from an electric bulb #, Fig. 2, is reflected from mirror F, 
passes through polarizer Nicol prism G, and emerges as plane- 
polarized light. This light with transverse vibrations in one plane 
enters specimen H, is doubly refracted by the stressed transparent 
material, and emerges from the specimen as light vibrations in two 
planes at right angles with each other, and coincides with the direc- 
tion of principal stresses. The second Nicol prism J, the analyzer, 
permits only components of these light vibrations in one plane to 
pass through. The interference of the vibrations in that plane coming 
from the analyzer causes the color which is an indication of the stress 
in the specimen. 

In the actual stress determination, the analyzer J and the ocular 
of the microscope are removed and the Babinet compensator J and 
cap Nicol K are put in place. Figures 1 and 2 show the analyzer I 
pushed out of the field of the vision of the microscope, the ocular 
removed, and the Babinet compensator J and cap Nicol K in place. 

The Babinet compensator consists of two quartz wedges that are 
cut from a crystal so as to give different orientations to their optic 
axes. The wedges are placed with their inclined faces toward each 
other and their vibration directions at right angles to each other. 
The directions of the vibrations are indicated by the shade lines in 
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Fic. 2. Microscope Usrep 1n TESTS 


Fig. 3. DracRaAM or BaBINET COMPENSATOR 


Fig. 3. The lower wedge is the movable one, and its motion in the 
direction of the arrow is produced and measured by means of a 
micrometer screw. The upper one has a cross engraved upon it. 
The center of the cross is on the axis of the compensator. 

When a beam of plane-polarized light enters the lower wedge 
perpendicularly to the lower surface of the wedge, it will be doubly 
refracted. Consider a beam traversing equal thicknesses of the 
quartz wedges. In the lower wedge one of the components into which 
the beam is doubly refracted will be accelerated with respect to the 
other, while in the passage through the upper wedge the accelerated 
component will be retarded an equal amount. Then, after the 
passage of light has been completed through both wedges, there will 
be no phase difference of the emerging waves. 
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If a beam of plane-polarized light travels through the wedges at a 
point to the right or left of the middle section, a resultant phase 
difference exists between the two emergent waves. 

It is possible, therefore, with the Babinet compensator to measure 
the phase difference of two component light waves by changing the 
position of the lower wedge until there is no phase difference of the 
emerging waves. This will be the case when the dark line of the 
compensator appears at the intersection of the cross-hairs. 


5. Technique of Procedure.—The specimens tested were made of 
pyralin, a high-quality celluloid, 14 in. thick. The pyralin model to 
be tested is placed in the grips with its plane perpendicular to the 
axis of the microscope. The light used comes from a 50-watt frosted 
bulb. A magnification of 16 is used. The microscope is focused, the 
axes of the Nicols Gand J, Fig. 2, are crossed (placed at right angles to 
each other), and the cross-hairs of the ocular (not shown in Figs. 1 
and 2) are placed parallel to the axes of the Nicols.* The axes of the 
Nicols are in crossed position when lever L is in place over bar M, 
Fig. 2 

The Nicols and ocular together are then rotated until one of the 
eross-hairs of the ocular coincides with the direction of principal 
stress. In this work only the boundary of the specimen is studied so 
that the direction of one principal stress is tangent to the surface and 
therefore is always known. The stage of the microscope is now 
clamped in the zero position on the rotating stage. 

The ocular is removed and in its place is inserted the Babinet 
compensator J, Fig. 2. The analyzer J is moved out of the line of 
vision of the microscope and a cap Nicol K is placed over the 
Babinet compensator. 

The point on the boundary of the specimen where the stress is to 
be determined is brought into the field of the microscope. The Nicols 
are rotated until their axes make an angle of 45 deg. with the direction 
of principal stress which, it will be remembered, is tangent to the 
boundary. This 45 deg. angle is obtained from the scale on the stage 
of the microscope. The reason for making this angle 45 deg. is to 
give maximum amplitudes to the component vibrations, the phase 
difference of which is to be measured. 

The Babinet compensator, set at zero reading, is rotated until its 
axis is at approximately 45 deg. with the plane of vibration of the 
polarizer which, in turn, is located by the position of the bar M. 
This is to give maximum illumination of the microscope field. The 


*Axes of Nicols are parallel to lever L, Fig. 2. 
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cap Nicol must be turned until its axis is at 90 deg. with the axis of 
the polarizer. This will be the condition when the dark line of the 
compensator passes through the intersection of the compensator 
cross-hairs, the micrometer drum of the compensator being set at zero. 

As a load is applied to the specimen the dark line of the compen- 
sator moves to the right or left. In the instrument used in these tests 
this line moves to the right for tension, or to the left for compression. 
The number of revolutions of the compensator drum necessary to 
bring the dark line back to its original position under the cross-hairs 
is recorded and is called the compensator reading. This reading is 
directly proportional to the difference in principal stresses at the 
point in the specimen where the light passes through. 

The optical constant of the material tested must be determined. 
A tension specimen about 10 in. long and from 14 to 1% in. wide 
isused. This specimen must be cut from the same stock as the models 
to be tested. The microscope is focused on a central portion of the 
specimen where the principal stress is in the direction of pull of the 
load. The Babinet compensator reading is taken as previously de- 
scribed. The load, the cross-sectional area of the specimen, and the 
unit stress are easily determined. 


The formula for the optical constant is 


R 
C = — 
reat 
where C = optical constant ° 
Rk = compensator reading 
S = stress, lb. per sq. in. 


T = thickness of specimen in in. 


The optical constant is used in the formula for calculating the 
difference in principal stresses at a point in the specimen. 
This formula is 


R 
S—- 8: =— 
CE 
where S = one principal stress 
S, = the other principal stress 


If one principal stress becomes zero as at the boundary points, 
then the formula becomes 
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III. Description anp Discussion or Tests ConpucTEep 


6. Preliminary Tests to Check Method.—Preliminary tests were 
run on pyralin models having round and elliptical holes. Stress at 
the boundary of the hole was determined in each case. 

The results of the test of the specimen with the round hole checked 
closely with results previously obtained by other experimenters and 
by mathematical analysis. 

The specimens with elliptical holes gave results which checked 
fairly well with the stress at the small end of the ellipse as figured by 


Inglis’ formula, which is 
5 i (1 a =) 
TA b 


where P = load in lb. 
A = cross-sectional area, sq. in. 
a@ = semi-major axis, in. 
6 = semi-minor axis, in. 
After the set-up of the apparatus and the procedure of obtaining 
stress at the boundary of a specimen had been checked, the investi- 
gation with screw-thread models was started. 


I 


7. Determination of Optical Constant.—Four tension specimens 
10 in. long were cut from pyralin \ in. thick. The four specimens 
were 0.61, 0.75, 0.91, and 1 in. wide, respectively. Loads were 
applied starting with a 3-lb. load and increased by increments of 
4 or 6 lb. until a load of 45 lb. was reached. 

When reading the Babinet compensator, six or more readings 
were taken for each load and the average reading was recorded. 

The optical constants as obtained from the compensator readings 


and calculated from the formula ¢ = = are plotted in Fig. 4. The 
fe 


results show that with the narrower specimens the optical constant 
is very close to 4.00 at all the loads used. With the wider specimens 
the optical constant deviated from 4.00 with the light loads. This is 
due, probably, to the fact that the compensator is not sensitive 
enough to detect accurately the slight phase difference of the light 
vibrations when the specimen has such small stress. It was decided 
to take a value of 4.00 as the optical constant of the material used. 

All of the specimens tested later were cut from the same stock as 
these tension specimens. 


*See paper by C. E. Inglis, in Transactions of Inst. of Naval Architects (British), 1913. 
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Fic. 4. Resutts or Tests ror Oprica, Constant or MATERIAL 


8. Tests of Screw Thread Specimens.—For Series A, 6-in. American 
Standard thread, two specimens were cut from pyralin 1% in. thick, 
as shown in Fig. 5. The two pieces were cut and filed as closely to 
dimensions as possible. They were placed in the clamps on the mill- 
ing machine base and were held from slipping apart by means of 
pyralin clamps. The models were in position as shown in Fig. 6. 

The microscope was focused on point f or g and the stress deter- 
mined at that point. Load was applied by 2-lb. increments from 3 to 
23 lb. The compensator reading for each load was taken as the aver- 
age of six or more readings. The stress was calculated from the for- 


R 
mula § = a Compensator readings were taken at both points f 


and g and the average of these two used in calculating the stress, 
which was determined for each load from 3 to 23 lb. The results are 
shown in Fig. 7. 

For Series B, 6-in. Whitworth thread, the two specimens were cut 
from the same stock as for Series A. Figure 5 shows the size and 
shape of the specimens. 

The same procedure was followed as in the previous test. The 
stresses obtained by the optical method are plotted in Fig. 7, and the 
results show that the maximum stress developed in the 6-in. American 
Standard thread is approximately 40 per cent greater than that 
developed in the 6-in. Whitworth thread. 
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Fic. 6. Parr or SPECIMENS Piacep ToGeTHER For TESTING 


In Series C, 6-in. American Standard thread, double size, it was 
desired to test a different size thread form than that used in Series A, 
so specimens were made double the size of the 6-in. American Stan- 
dard thread. Figure 5 shows the details of the model. 

The thread form is similar for all American Standard threads, so 
that a 6-in. thread is twice the size of a 2-in. or a 244-in. thread, four 
times the size of a 7-in. thread, and eight times the size of a 5/16-in. 
thread. Therefore, the model used was four times the size of a 2-in. 
or 214-in. thread, eight times the size of a 7%-in. thread, and sixteen 
times the size of a 5/16-in. thread. 

The test was conducted as in Series A. Load was applied by 6-lb. 
increments from 3 to 27 lb. The results were obtained in the same 
way as for Series A. The stress results are plotted in Fig. 7. 

For Series D, 6-in. Whitworth thread, double size, a model was 
made as shown in Fig. 5. This model was twice the size of a 6-in. 
Whitworth thread. As for American Standard threads, the thread 
form for Whitworth threads is similar for all thread sizes. The 6-in. 
thread form is twice the size of a 154-in. or 134-in. thread, four times 
the size of a 34-in. or 13/16-in. thread, and eight times the size of a 
¥4-in. thread. Therefore, the model used was four times the size of a 
15g-in. or 134-in. thread, eight times the size of a 34-in. or 3/16-in. 
- thread, and sixteen times the size of a 14-in. thread. 

The test was conducted and results were obtained in the same way 
as in the previous test. The stress results are plotted in Fig. 7. 

A greater ratio existed between d and the thread depth for Series 
A and B than for Series C and D, and this might have influenced the 
results and caused the stress to be low in Series C and D. For this 
reason tests in Series E and F were run. 

In Series E, 6-in. American Standard thread, double size, wide 
backing, specimens were cut to the size and shape shown in Fig. 5. 
The proportions of the model were such that the ratio of backing d to 
the depth of thread was the same as for the model used in Series A. 

The same procedure was followed as in the previous tests. Load 
was applied by 4-lb. increments from 7 to 31 lb. Results were ob- 
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tained in the same manner as stated previously, and stresses are 
plotted in Fig. 7. 

For Series F, 6-in. Whitworth cnrend) double size, wide backing, 
specimens were mae as shown in Fig. 5. The models were of acl 
size that the ratio of backing d to the depth of thread was the same as 
for the model used in Series B. 

The same procedure was followed and results were obtained as in 
the previous test. Stresses are plotted in Fig. 7. 


IV. SuGGESTIONS AND SUMMARY 


9. Suggestions for Improvement in Test Methods.—Circularly- 
polarized light can be used in the work; and with this kind of light 
used on a stressed sample, regardless of what the principal stress 
directions are, the plane-polarized components parallel to these direc- 
tions must be of equal amplitude. This means that it is not necessary 
to have the planes of the Nicols at 45 deg. with the principal stress 
directions. The use of circularly-polarized light, however, involves 
the use of additional equipment with no appreciable advantage for 
the work of this investigation. 

One limitation with the apparatus is the inaccuracy of the Babinet 
compensator reading due to the width of the black line, the movement 
of which is a measure of the difference in principal stresses. If the 
dark line of the compensator could be made sharper and more dis- 
tinct, more accurate readings could be taken. 


10. Summary.—This work involves the determination of stress in 
a transparent specimen by passing plane-polarized light through the 
specimen and measuring the phase difference of the two emerging 
light vibrations by means of a Babinet compensator, which consists 
of two quartz wedges; the movement of one of these wedges necessary 
to bring a dark line back in position under the cross engraved on the 
other wedge is a measure of the difference in principal stresses in the 
specimen at the point where the light passes through. 

Models were made to represent the American Standard and 
Whitworth thread forms, and the apparatus herein described was 
used to determine the relative value of stress concentration for these 
two threads. The greatest stress at each load in each model was 
determined by the optical method. The results of the tests show a 
stress in the American Standard thread about 40 per cent greater 
than that in the Whitworth thread. Regardless of the size of the 
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threads tested, this ratio of stresses is nearly constant for the two 
different thread forms. 

A variation in results at light loads was noted and is probably due 
to the fact that the compensator (optical measuring device) is not 
sensitive enough to indicate accurately the slight stress differences, 
and to variability in bearing of tooth on tooth. 
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son Thermic Syphons, by Edward C. Schmidt, Everett G. Young, and Herman J. } 4 
Schrader. 1930. Fifty-five cents. 
*Bulletin No. 221 y eh Investigation of Core Oils, by Carl H. Casberg and Carl E. | 
Schubert. 1931. Fifteen cents. d i 
*Bulletin No. 222. Flow of Liquids in Pipes of Circular and Annular Cross- 
Sections, by Alonzo P. Kratz, Horace J. Macintire, and Richard E. Gould. 1931. 
Fifteen cents. . 
Bulletin No. 223. Investigation of Various Factors Affecting the Heating of 
Rooms with Direct Steam Radiators, by Arthur C. Willard, Alonzo P. Kratz, Maurice } 
K. Fahnestock, and Seichi Konzo. 1931. Fafty-five cents. : d 
*Bulletin No. 224. The Effect of Smelter Atmospheres on the Quality of Enamels [4 
for Sheet Steel, by Andrew I. Andrews and Emanuel A. Hertzell. 1931. Ten cents. 
*Bulletin No. 225. The Microstructure of Some Porcelain Glazes, by Clyde L. 
Thompson. 1931. Fifteen cents. : : 
Bulletin No. 226. Laboratory Tests of Reinforced Concrete Arches with Decks, 
by Wilbur M. Wilson. 1931. Fifty cents. I 
*Bulletin No. 227. The Effect of Smelter Atmospheres on the Quality of Dry 
Process Enamels for Cast Iron, by A. I. Andrews and H. W. Alexander. 1931. 
Ten cents. 
*Circular No. 21. Tests of Welds, by Wilbur M. Wilson. 1931. Twenty cents. 
Bulletin No. 228. The Corrosion of Power Plant Equipment by Flue Gases, by 
Henry Frazer Johnstone. 1931. Sixty-five cents. 
*Bulletin No. 229. The Effect of Thermal Shock on Clay Bodies, by William R. 
Morgan. 1931. Twenty cents. 
*Bulletin No. 230. Humidification for Residences, by Alonzo P..Kratz. 1981. 
Twenty cents. . 
*Bulletin No. 231. Accidents from Hand and Mechanical Loading in Some Illinois 
Coal Mines, by Alfred C. Callen and Cloyde M. Smith. 1931. Twenty-five cents. 
*Bulletn No. 232. Run-Off Investigations in Central Illinois, by George W. 
Pickels. 1931. Seventy cents. 
*Bulletin No. 233. An Investigation of the Properties of Feldspar, by Cullen W. 
Parmelee and Thomas N. McVay. 1931. Thirty cenis. 
*Bulletin No. 234. Movement of Piers during the Construction of Multiple-Span 
Reinforced Concrete Arch Bridges, by Wilbur M. Wilson. 1931. Twenty cents. 
Reprint No. 1. Steam Condensation an Inverse Index of Heating Effect, by 
Alonzo P. Kratz and Maurice K. Fahnestock. 1931. Ten cents. 
*Bulletin No. 235. An Investigation of the Suitability of Soy Bean Oil for Core 
Oil, by Carl H. Casberg and Carl E. Schubert. 1931. Fifteen cents. 
*Bulletin No. 236. The Electrolytic Reduction of Ketones, by Sherlock Swann, Jr. 
1931. Ten cents. 
*Bulletin No. 237. Tests of Plain and Reinforced Concrete Made with Haydite 
Aggegates, by Frank E. Richart and Vernon P. Jensen. 1931. Forty-five cents. 
*Bulletin No. 238. The Catalytic Partial Oxidation of Ethyl Alcohol, by Donald 
B. Keyes and Robert D. Snow. 1931. Twenty cents. 
*Bulletin No. 239. Tests of Joints in Wide Plates, by Wilbur M. Wilson, James 
Mather, and Charles O. Harris. 1931. Forty cents. 
*Bulletin No. 240. The Flow of Air Through Circular Orifices in Thin Plates, by 
Joseph A. Polson and Joseph G. Lowther. 1932. Twenty-five cents 
“Bulletin No. 241. Strength of Light I Beams, by Milo 8S. Ketchum and Jasper O. 
Draffin. 1932. Twenty-five cents. 
“Bulletin No. 242. Bearing Value of Pivots for Scales, by Wilbur M. Wilson, 
Roy L. Moore, and Frank P. Thomas. 1932. Thirty cents. 
*Bulletin No. 243. The Creep of Lead and Lead Alloys Used for Cable Sheathing, 
by Herbert F. Moore and Norville J. Alleman. 1932. F ifteen cents. 
*Bulletin No. 244. A Study of Stresses in Car Axles Under Service Conditions, 
by Herbert F. Moore, Nereus H. Roy, and Bernard B. Betty. 1932. (In press.) 
“Bulletin No. 245. Determination of Stress Concentration in Screw Threads by 
the Photo-Elastic Method, by Stanley G. Hall. 1932. Ten cents. 


*A limited number of copies of bulletins starred are available for free distribution. 
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